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We present a measurement of the charge asymmetry in top pair production using an integrated
luminosity of 1.9 fb−1 collected during the years 2003 to 2007 with the CDF detector. Top pair
candidates with a signature of a charged lepton, missing transverse momentum and at least four
jets are selected. In order to measure the charge asymmetry the rapidity difference between the
semileptonically decaying and the hadronically decaying top quark multiplied with the charge of
the charged lepton is used. A measurement of the inclusive asymmetry, yielding A∆yQl = 0.24 ±
0.13 ± 0.04, as well as of the asymmetry in events with exactly 4 or at least 5 reconstructed jets is
performed. The measured asymmetries are higher than the asymmetries predicted by the next-to-
leading order Monte Carlo generator MC@NLO, but within the uncertainties the measured values
are consistent with the NLO predictions.

Preliminary Results for Winter 2008 Conferences
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I. INTRODUCTION

In 1995 the top quark was discovered at the Tevatron proton-antiproton collider at Fermilab by the CDF and DØ
collaborations [1]. It is the most massive known elementary particle and its mass is currently known with a precision
of about 1.1% [2]. However, the measurements of other top quark properties are still statistically limited, so the
question remains whether the standard model successfully predicts these properties.

At the Tevatron collider, with a center-of-mass energy of
√

s = 1.96 TeV most top quarks are pair-produced via
the strong interaction. The quark annihilation process is expected to contribute with 85%, while the gluon-gluon
fusion process is expected to contribute with 15%. Due to the large mass of the top quark, top production is an ideal
testing ground to study effects predicted by QCD. Next-to-leading order (NLO) calculations [3, 4] predict in pp̄ → tt̄X
reactions a charge asymmetry of the top and anti-top production arising from the interference of initial state gluon
radiation (ISR) and final state gluon radiation (FSR) on the one hand, and interference of born and box diagram on
the other hand (see figure 1). Only quark anti-quark annihilation qq̄ → tt̄X and heavy flavor excitation qg → qtt̄,
which can be neglected at Tevatron energies, are charge asymmetric, while gluon fusion is charge symmetric.

The asymmetry occurs in the variable cosα, where α is the angle of the top quark in the rest frame of the incoming
partons, and is defined as [4]:

A(cos α) =
Nt(cosα) − Nt̄(cosα)

Nt(cosα) + Nt̄(cosα)
=

Nt(cosα) − Nt(− cosα)

Nt(cosα) + Nt(− cosα)
(1)

Because the charge conjugation symmetry holds for the strong interaction, implying σqq̄→tt̄(α) = σq̄q→t̄t(180◦ − α),
this charge asymmetry can be interpreted as forward-backward asymmetry. Calculating the total forward-backward
asymmetry

Acos α =
Nt(cos α ≥ 0) − Nt(cosα < 0)

Nt(cos α ≥ 0) + Nt(cosα < 0)
(2)

in pp̄ → tt̄ reactions at Tevatron energies with respect to the total NLO top pair production cross section leads to a
predicted asymmetry of (4 − 6)%. A significantly larger forward-backward asymmetry would indicate new physics,
like a Z ′ [5], decaying dominantly in tt̄ or an axigluon [6].

In the standard model, according to [4] the interference of the box and LO amplitudes leads to a positive asymmetry
while the interference between the ISR and FSR amplitudes yields a negative value. Since the absolute value of the
former one is always larger than that of the latter one a slightly positive asymmetry is obtained in total. LO tt̄ + jet
calculations yield an asymmetry of about −(9− 10)%, while the recent NLO tt̄ + jet calculation [7] yields −(0− 2)%.
Here a factor 1.3 is applied to the values in [7] to account for the difference in the asymmetry calculated in the pp̄ frame
or in the parton-parton center of mass frame. Studying the asymmetry separately for events with either none (tt̄) or
one additional hard gluon (tt̄g), information about the different contributions to A can be gained. Experimentally
no clear distinction between those event classes is possible. However, the number of additional hard objects is
reflected in the number of reconstructed jets and thus well suited to study both contributions to A. In a Monte Carlo
study we observe indeed a strong dependence of the charge asymmetry on the number Njets of reconstructed jets as
presented in figure 2 a). For events with low Njets the visible charge asymmetry corresponds well to the asymmetry
of the tt̄ contribution, while the asymmetry for events with large Njets corresponds well to the asymmetry of the tt̄g
contribution.

In order to study the charge asymmetry in top pair production we select top anti-top events in the lepton+jets
channel, reconstruct the four-vectors of the top quarks for each tt̄ candidate. Unfortunately, the variable cosα
is experimentally not accessible and in NLO Monte Carlos like MC@NLO [8] this variable is not unambiguously
defined. Therefore, we use in our analysis not cosα itself but as suggested in [6] the rapidity difference of the top
quark yt and the anti-top quark yt̄. yt − yt̄ is lorentz-invariant and in LO directly related to cosα [9]:

yt − yt̄ = 2 · atanh




cosα

√

1 +
4m2

t

ŝ−4m2

t



 (3)

Here, ŝ indicates the center of mass energy of the initial partons and mt the top mass. Experimentally, yt − yt̄ is
calculated by the rapidity difference of the semileptonically (ytlep

) and the hadronically (ythad
) decaying top quark

multiplied by the charge of the lepton (e or µ) from the semileptonic top decay (see figure 3 a)):

∆y · Ql = (ytlep
− ythad

) · Ql = yt − yt̄. (4)



3

q

q

t

t
g

q

q

t

q t

t
g

g q

q

t

t

g

g q

q

t

t

g g

FIG. 1: Quark-antiquark annihilation diagrams.
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FIG. 2: a) Asymmetry as a function on the number of reconstructed jets (default jet cuts: |η| < 2.0, ET > 20 GeV). b)
Asymmetry as function of different pseudorapidity cuts on the jets and separately for different cuts on the transverse energy of
the jets.

Because no sign inversion occurs between cosα and ∆y · Ql = yt − yt̄ for all values of
√

ŝ at LO, the measurement
of the total asymmetry A∆y·Ql in the observable ∆y · Ql represents the total asymmetry Acos α in cosα reasonably
well. However, the inclusive asymmetry in ∆y · Ql is not exactly equal to the asymmetry in cosα, so we state for
the prediction of A∆yQl (4− 7)%. In case of MC@NLO with CTEQ5M as parametrization of the parton distribution
functions (PDF) an asymmetry A∆yQl of 5% is obtained, see figure 3b).

The event selection, smearing and resolutions effects as well as background distort the true (∆y ·Ql)gen distribution.
As investigated in detail in [10], in particular the cuts on our selected jets reduce the charge asymmetry in the visible
range. This is pictured in figure 2 b). The harder the cuts on the selected jets, the larger is the fraction of the tt̄g
component and thus the smaller is the visible charge asymmetry.

In case of the inclusive asymmetry, the reconstructed asymmetry Arec:

Arec =
N rec

pos − N rec
neg

N rec
pos + N rec

neg

(5)

obtained from the reconstructed ∆y · Ql distribution is corrected to obtain the ”true” asymmetry A∆y·Ql ≈ Acos α.
For that, the background is subtracted first and then the background subtracted ∆y ·Ql distribution is corrected for
smearing and resolutions effects as well as for event selection efficiency. The ”true” asymmetry is then calculated
from this corrected (∆y · Ql)cor distribution. In case of the reconstructed asymmetry in events with exactly 4 or at
least 5 jets respectively only the background is subtracted and then a comparison with the prediction of MC@NLO
and the LO+PS Monte Carlos Pythia and Herwig is performed.
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FIG. 3: Sensitive variable ∆y ·Ql. a) Definition of ∆y ·Ql. b) Distribution of ∆y ·Ql without applying any cuts for the Monte
Carlo generators PYTHIA and MC@NLO.

The charge asymmetry has recently been measured by the DØ collaboration to be (12±8±1)% in the experimentally
visible phase space [11], which is consistent with the prediction by MC@NLO of (0.8 ± 0.2 ± 1.0)%. In case of exact
4 reconstructed jets an asymmetry of (19 ± 9 ± 2)% is measured and in case of at least 5 jets an asymmetry of
−(16+15

−17 ± 3)% is obtained in the visible range. Within the uncertainties also the asymmetry values with different
numbers of required reconstructed jets are consistent with the MC@NLO prediction. The DØ analysis makes also
use of yt − yt̄ as sensitive variable, while a second analysis [12, 13] of the CDF collaboration uses (−Ql) · cos θthad

,
where θthad

is the polar angle of the hadronically decaying top quark, as sensitive variable. The latter analysis thus
measures the asymmetry in the lab frame in contrast to the analysis presented in this note and the analysis of DØ
which are both performed in the parton rest frame. The asymmetry in the lab frame is reduced by about a factor of
1.3 compared to the asymmetry measured in the parton rest frame.

II. THE CDF II EXPERIMENT

A detailed description of the Collider Detector at Fermilab (CDF) can be found elsewhere [14]. A coordinate system
with the z axis along the proton beam, azimuthal angle φ, and polar angle θ is used. The pseudorapidity is defined as
η = − ln tan(θ/2). The transverse energy of a particle is defined as ET = E sin θ. The primary detector components
relevant to this analysis are those that measure the jet, electron, and muon energies and directions.

An open cell drift chamber, the Central Outer Tracker (COT), and a silicon tracking system are used to measure
the momenta of charged particles. The CDF II silicon tracker consists of three sub detectors: (1) a layer of single-sided
radiation resistant silicon microstrip detectors glued on the beam pipe, (2) a five layer double-sided silicon microstrip
detector (SVXII), and (3) additional Intermediate Silicon Layers located at radii between 19 and 30 cm provide good
linking between the track segments in the COT and the SVXII. In the analysis presented in this paper the silicon
tracker is particularly important to identify jets originating from b quarks by reconstructing secondary vertices. The
tracking chambers are all located within a 1.4 T axial magnetic field. The pseudorapidity coverage of the COT is
|η| < 1.1, while the silicon system reaches up the |η| < 2.0. All electromagnetic and hadronic calorimeters at CDF
are used to measure the jets energy. In this analysis jets are reconstructed in the pseudorapidity range of |η| < 2.0.
The Central Electromagnetic and Central Hadronic Calorimeter with an angular coverage of |η| < 1.1 are used to
identify electron candidates. The Central Muon System, Central Muon uPgrade and the Central Muon eXtension,
with a total coverage of |η| < 1.0 are used to identify muons.
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FIG. 4: Modeling of the background. Shown is the reconstructed ∆y · Ql distribution in the background dominated sample.

III. EVENT SELECTION OF tt̄ CANDIDATES

We select tt̄ candidate events, where one top quark decays semileptonically, t → bℓν, and the second top quark
decays hadronically, t̄ → b̄qq̄′. The charged lepton is either identified as an electron or muon candidate. The branching
ratio of this lepton + jets channel is about 30%.

Top quark candidates in the lepton + jets channel are selected by requiring evidence for a leptonic W decay: (a)
missing transverse energy ET/ > 20 GeV from the neutrino and (b) exactly one well isolated central electron candidate
with ET > 20 GeV and |η| < 1.1, or exactly one well isolated central muon candidate with pT > 20 GeV/c and
|η| < 1.0. An electron or muon candidate is considered isolated if the non-lepton ET in an η − φ cone of radius 0.4
centered around the lepton is less than 10% of the lepton ET or pT , respectively. Jets are reconstructed using a fixed

cone of radius ∆R =
√

∆φ2 + ∆η2 = 0.4. We count jets with ET > 20 GeV and with a pseudorapidity of |η| < 2.0.
Only events with at least four jets are accepted. Because in tt̄ events two b jets should exist, we require, that at least
one of these jets must be likely to originate from a b quark (b-tag) by requiring a displaced secondary vertex within
the jet as measured using silicon tracker information. Altogether we select 484 tt̄ candidate events.

IV. SIGNAL SIMULATION AND BACKGROUND ESTIMATION

In this analysis Monte Carlo simulations are used to determine the efficiencies and the resolution due to the
reconstruction of top-pair signal events as well as to compare data with. All generated events are passed through the
CDF detector simulation. Afterwards the same reconstruction as for real data is applied.

tt̄ signal samples are generated with the leading order plus parton shower Monte Carlo generators PYTHIA [15] and
HERWIG [16], with the matrix element generator ALPGEN [17], where the showering is performed with Pythia,
as well as with NLO Monte Carlo generator MC@NLO [8] using a top mass of mt = 175 GeV/c2.

The selected tt̄ candidates in data still contain some background contamination. We observe 484 events with a
background estimation of 86.7 ± 22.6. One source of background events are W -boson plus jets events. Here two
different types of W -production have to be distinguished. The first category are W events, where the jets originate
from light quarks. In this case one jet is misidentified as a b-quark jet (mistags). The second category are W events
with one or more jets originating from a c- or b-quark (W + heavy flavor events). A further source of background
are QCD processes, where one jet fakes the charged lepton and another jet is either truly identified as a b-quark jet
or is misidentified as a b-quark jet. This background is called QCD background or non-W background. In addition
electroweak processes, like di-boson (ZW, WW, ZZ) and single top production contribute to the background. However,
the fraction of these backgrounds is rather small and can be determined from the Monte-Carlo simulation.



6

About 5% of all real tt̄ events, selected with our cuts, do not belong to the tt̄ lepton+jets channel, but to either
the tt̄ all hadronic or dilepton channel. These events are treated as background events, leading to a total background
estimation of 105.6 events.

The modeling of the background has been checked carefully using a background dominated sample. This sample is
selected in the same way as our tt̄ candidates except of vetoing jets to be tagged as a b-jet. As presented in figure 4
exemplary for our sensitive variable, the shape of the background is modeled well.

V. FULL RECONSTRUCTION OF TOP ANTI-TOP PAIRS

Due to the incomplete measurement of the neutrino four momentum and several possibilities to assign the jets to the
decay products of the top quarks the reconstruction of tt̄ pairs has to handle with several possible event hypotheses.
For the reconstruction of tt̄ events the selected jets and the missing transverse energy are corrected to parton level.

Both top quarks are reconstructed from the measured four momenta of their decay particles. Since the neutrino
does not interact with the detector, it appears only in the missing transverse energy. Thus only the x and y component
of the neutrino momentum are known. The missing z component is calculated using a W mass constraint on the W
boson decay. This treatment leads to a quadratic equation for pz of the neutrino. In 70% of all cases this results in
an ambiguity of two real solutions for pz,ν , which have both to be taken into account. In the remaining 30% of events
the solution of the quadratic equation becomes complex. In these cases we vary the x and y component starting from
the measured values until the imaginary part of the pz solution vanishes. Thus this treatment leads to one solution
for the z component of the neutrino momentum.

We consider all possibilities to assign the jets in the event to the two b quarks and the two light quarks from the
tt̄ decay. It should also be mentioned that we take all jets of the event into account and not only the four leading
jets. This procedure leads to a multiplicity of possibilities for the reconstruction of the event. Due to the Nν (2 or
1) solutions for the z-component of the momentum of the neutrino and the ways to assign the selected jets to the
four jets in the tt̄ decay, Nν · Njets · (Njets − 1) · (Njets − 2) · (Njets − 3)/2 hypotheses for the complete kinematic
reconstruction of a tt̄ event candidate are obtained.

In order to choose the best event interpretation, a quantity Ψ is determined for each hypothesis, which gives a
quantitative estimate how well the hypothesis matches the tt̄ pair assumption. Ψ is defined by:

Ψ = Pν · Pb−light · χ2 (6)

The quantities entering the computation of Ψ are:

1. Pν = 0.29 (Pν = 0.71) for solution with smaller (larger) |pz,ν | (in case of two real solutions)

2. Pb−light: A measure for the light quark likeness of the jets assigned as b jets.

3. χ2: Constraints on the mass of the hadronically decaying W boson, on the mass difference between both
reconstructed top masses (two particles with the same mass), and on the transverse energy of the two top
quarks

Here, Pν can be interpreted as the probability for the chosen neutrino solution to be the wrong one.
χ2 is defined via:

χ2 =
(mW→jj − MW→jj)

2

σ2
MW→jj

+
(mtop→bℓν − mtop→bjj)

2

σ2
∆Mt

+
(Penergy − α)2

σ2
Penergy

(7)

In the first term mW→jj is the reconstructed mass of the hadronically decaying W boson, which should be equal
to the mean value MW→jj of the mW→jj distribution within the resolution σMW→jj

. In the second term ∆Mt is
the difference between the reconstructed mass of the semileptonically decaying top mtop→bℓν and the mass of the
hadronically decaying top quark mtop→bjj . Since the two top quarks are identical particles, the mass difference of
both reconstructed top quarks is assumed to be zero, within the uncertainty σ∆Mt

. Penergy is the fraction of the sum
of transverse energies of the two top quarks and the total transverse energy of the event including missing transverse
energy. The values for MW→jj , σMW→jj

, σ∆Mt
, and α are obtained from MC studies.

Pb−light is a measure for the light-quark likeness of the jets assigned as b jets and is defined as:

Pb−light = (JPtop→bℓν + (1 − R′

top→bℓν)) · (JPtop→bjj + (1 − R′

top→bjj)) (8)
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Asymmetry [%]
Njets ≥ 4 Njets = 4 Njets ≥ 5

Wbb −5.0 ± 0.4 −5.3 ± 0.4 −3.6 ± 0.9
Wcc −3.8 ± 0.2 −3.6 ± 0.2 −5.0 ± 0.4

Wljets −0.6 ± 1.5 −1.0 ± 1.7 1.0 ± 3.4
EW −1.5 ± 4.4 −1.9 ± 5.5 0.4 ± 24.1
QCD 0.6 ± 1.0 0.7 ± 1.1 0.5 ± 1.8

TABLE I: Asymmetries of the different background components in our selected sample.

Here JPtop→b lν and JPtop→b jj are the probability of the jet [18] chosen to be the b jet from the semileptonically and
hadronically decaying top quark, respectively, to be consistent with a zero lifetime hypothesis, i.e. to be a light quark
jet. This probability is calculated from the positive impact parameter in the r − φ-plane of the tracks assigned to
the jet. For jets with a well displaced secondary vertex a more accurate b-likeness measure R′ is calculated using the
output of a neural network b-tagger, while R′ is set to zero otherwise. Since Pb−light is defined as the probability for
the assigned b jets to be light quark jets, we have to use (1-R′) instead of R′ in equation 8.

Ψ is calculated for each hypothesis in the event and we then choose for each event the hypothesis with the smallest
value of Ψ.

VI. RECONSTRUCTED AND BACKGROUND SUBTRACTED ASYMMETRY

The distribution of the reconstructed ∆y · Ql using the best event interpretation together with the background
estimate is presented in figure 5. In a) the distribution for the inclusive sample with at least four reconstructed
jets (Njets ≥ 4) is presented while in b+c) the distributions for the exclusive jet bins Njets = 4 and Njets ≥ 5 are
presented. From these raw data distributions an asymmetry of Arec = 0.087 ± 0.045 is calculated for the inclusive
measurement, while for Njets = 4 the asymmetry is determined to Arec = 0.094 ± 0.052 and for Njets ≥ 5 it is
computed to Arec = 0.062 ± 0.094.

As indicated in table I the non-top background is almost symmetric. W+jets events (EW process) are slightly
asymmetric, while the QCD background is symmetric. Subtracting both top and non-top backgrounds from the
number of events N rec

pos (N rec
neg) with positive (negative) ∆y · Ql value yields for the inclusive sample with Njets ≥ 4

Abg sub = 0.119 ± 0.064. In case of Njets = 4 an asymmetry of 0.132 ± 0.075 is computed, while an asymmetry of
0.079±0.123 is calculated for Njets ≥ 5. MC@NLO predicts for the inclusive sample an asymmetry of 1.7±0.7 (stat.),
in case of exactly 4 reconstructed jets an asymmetry of 3.8± 0.8 (stat.) and in case of at least 5 jets an asymmetry of
−3.3 ± 1.2 (stat.). This result is visualized for the exclusive measurement in figure 6. Here, the asymmetry obtained
from the background subtracted ∆y ·Ql distribution as a function of the number of reconstructed jets Njets is shown
together with the predictions of the LO+PS Monte Carlos PYTHIA and HERWIG and the NLO+PS Monte Carlo
MC@NLO. The measured asymmetry values are in both bins above the predictions but consistent with the predictions
within the statistical uncertainties. According to the ALPGEN Monte Carlo generator the fraction of tt̄ (tt̄g) events
is about 85% (15%) for events with exactly 4 jets, while the fraction of tt̄ events is reduced in case of at least five jets
to about 47%. We conclude, that there is so far no indication, that either the tt̄ interference contribution (LO and box
diagram) or the tt̄g interference contribution (ISR and FSR diagrams) alone are responsible for the high asymmetry
value seen in data.
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FIG. 5: Reconstructed ∆y·Ql distribution. Shown are the data together with the background estimate, the tt̄ MC@NLO prediction
and a reweighted Pythia prediction (A=24%). a) Inclusive distribution: Njets ≥ 4; b) Njets = 4; c) Njets ≥ 5.
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VII. EXTRACTION OF THE INCLUSIVE A
∆yQl

The background subtracted inclusive asymmetry is corrected for smearing effects due to a non-perfect reconstruction
of the top pair kinematic and for the selection efficiency. This correction is performed by inverting a 4x4 matrix.

l Q• y ∆
-2 0 2

re
l

∈

0.6

0.8

1

CDF II Monte Carlo

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

geny)∆ •l(Q
-2 0 2

y∆• l
Q

-2

0

2

0.42 

0.44 

0.12 

0.02 

0.03 

0.69 

0.27 

0.01 

0.01 

0.26 

0.69 

0.04 

0.01 

0.09 

0.40 

0.50 

CDF II Monte Carlo
a) b)

FIG. 7: Relative efficiencies a) and smearing matrix elements b) determined for the correction of the inclusive asymmetry. All
values are determined with the Pythia Monte Carlo generator.
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FIG. 8: ∆y · Ql residual distribution.

The reconstructed number of tt̄ signal events separately in four ∆y · Ql bins is obtained from the theoretical event
numbers in these four bins N1, .., N4, normalized to the total number of background subtracted tt̄ events, by accounting
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Here S is the smearing matrix, ǫii with i = 1, .., 4 indicates the relative efficiency for selecting events in bin i of
(∆y · Ql)gen. The smearing matrix element Sik gives the probability for an event which was generated in bin i of
(∆y · Ql)gen to occur in bin k of the reconstructed ∆y · Ql distribution. Because all events of bin i have to occur
somewhere in the ∆y ·Ql distribution, Sik is defined in such a way, that

∑

k Sik = 1 holds for all bins i. The relative
efficiencies as well as the smearing matrix elements are shown in figure 7. The smaller bin width has been chosen
according to the resolution of ∆y · Ql, see figure 8.

With C being R−1, yT = (N1, N2, N3, N4) and xT = (N bg sub
1 , N bg sub

2 , N bg sub
3 , N bg sub

4 ) equation 9 can be rewritten
as a linear transformation:

y = C · x (10)

Computing y according to equation 10, the calculation of the real charge asymmetry yields Acor = (24 ± 13)%
for the inclusive measurement. The (∆y · Ql)cor distribution after applying the correction matrix C is presented in
figure 9. The data are shown together with the prediction of the NLO Monte Carlo generator MC@NLO and the
prediction of the Pythia generator, which is reweighted linearly in cosα to induce an asymmetry of 24%.

The extraction method was extensively investigated in pseudo experiments using reweighted Pythia Monte Carlo
events with different introduced initial asymmetries. Although the SM NLO calculation predicts an almost linear
dependence of the asymmetry on cosα, also more exotic dependencies (fig. 10) have been checked. In addition
Monte Carlo samples with non-zero initial asymmetries have been used in a further check. Here MC@NLO samples
generated with either CTEQ5M (default) or MRST02 as parametrization for the parton distribution functions as
well as a tt̄ + 0partons and a tt̄ + 1partons sample, generated with the Monte Carlo Generator ALPGEN, have
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FIG. 10: Different (∆y · Ql)gen distributions for an introduced asymmetry of A = 30%. All distributions are obtained by
reweighting the default Pythia Monte Carlo distribution.

been utilized. From these studies we conclude that our extraction method is able to extract the initial asymmetries
reasonably well within the assigned systematic uncertainty of ±0.02.

As a consistency check we also looked at the variable Ql · cos(θthad) (lab frame), which is used in a second charge
asymmetry analysis [13] of CDF. The reconstructed asymmetry is (10.7 ± 4.5)% and thus in good agreement with
the value of [13], (9.9 ± 4.5)%. Correcting Ql · cos θthad

with the efficiencies and the smearing matrix determined for
this variable leads to (19 ± 8)%, which is as expected about a factor 1.3 smaller than the corrected asymmetry in
∆y ·Ql. In addition our corrected asymmetry value for Ql · cos(θthad) agrees well with the corrected asymmetry value
of (17 ± 7)% as obtained in [13] for Ql · cos(θthad).
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Uncertainties
Source ∆A∆yQl

Monte Carlo generator (Herwig) 0.018
Parton distribution function 0.012
ISR / FSR 0.010
Mass 0.005
Jet energy scale 0.010
∆y · Ql top shape 0.020
BG, shape 0.015
Number of z-vertices 0.010
Total 0.038

TABLE II: Summary of systematic uncertainties for the inclusive asymmetry measurement (determined at A=30%). The total
uncertainty is calculated by adding all single uncertainties in quadrature.

VIII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties caused by the theoretical modeling and the experimental setup are studied performing
pseudo experiments. All systematic uncertainties are estimated using Monte Carlo samples with an introduced
asymmetry of the order of the measured value, A = 30%. The estimated uncertainties are presented in table II.

We estimate the possible bias from Monte Carlo modeling of tt̄ events by comparing HERWIG and Pythia event
generators. The influence of initial and final state radiation is estimated by comparing templates from Pythia Monte
Carlo simulations in which the parameters for gluon radiation are varied to produce either less or more initial or final-
state radiation compared to the standard setup. To estimate the contribution to the total systematic uncertainty that
arises from the uncertainty on the PDF, we compare the default PDF to other PDFs. The impact of a different top
mass is estimated by using Pythia samples with a top mass of mt = 172 GeV/c

2
and mt = 178 GeV/c

2
instead of

our default sample with mt = 175 GeV/c
2

The impact of the uncertainty of the jet energy scale is quantified by varying that correction within one standard
deviation in both the negative and positive direction. The uncertainty of the background normalization is ±0.011,
which is not stated in table II because this uncertainty is already taken into account in the statistical uncertainty.
The uncertainty due to the uncertainty of the ∆y · Ql shape of top pair events was determined to be ±0.02 from the
studies presented in the previous section. The impact of the background shape uncertainty is estimated by composing
the total unchanged amount of background by two extreme cases: namely only with QCD background (A = 0.6%) or
only with Wbb background (A = −5.0%). To estimate the uncertainty due to the uncertainty of the modeling of the
number of z vertices we divide the Monte Carlo sample into four subsamples with nZV tx = 1, nZV tx = 2, nZV tx = 3
and nZV tx ≥ 4 and take the maximal deviation as uncertainty.

By adding all single uncertainties in quadrature we obtain a total systematic uncertainty of ±0.038 for the inclusive
measurement of the asymmetry.

IX. RESULTS

We have presented a measurement of the charge asymmetry in top pair production with an integrated luminosity
of approximately 1.9 fb−1 collected with the CDF II detector. We measure the asymmetry in the lorentz invariant
quantity ∆y ·Ql defined as the rapidity difference of the semileptonically decaying top quark and hadronically decaying
top quark multiplied with the charge of the lepton (e, µ).

Taking the systematic uncertainties into account, we measure an inclusive charge asymmetry of:

A∆y·Ql = 0.24 ± 0.13 (stat.)± 0.04(syst.)

which comes out higher than the expected asymmetry of (4 − 7)% predicted by NLO calculations but which is
consistent with the NLO prediction within the errors.

To study the two different interference contributions to the inclusive asymmetry we measured the asymmetry as
a function of the number of reconstructed jets. Within the statistical uncertainties our measurement is consistent
with a prediction made by the NLO Monte Carlo MC@NLO. So far, there is no indication, that the high asymmetry
value measured in the inclusive analysis comes from either the tt̄ interference contribution or the tt̄g interference
contribution alone.
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